Mono-, di-, tri-, and tetraethylene glycols and polyethylene glycols (PEG) with molecular weight up to 20.000 were degraded by soil microorganisms. A strain of Pseudomonas aerugirosa able to use a PEG of average molecular weight 20,000 was isolated from soil. Washed cells oxidized mono-and tetraethylene glycols, but 02 consumption was not detectable when such cells were incubated for short periods with PEG 20,000. However, the bacteria excreted an enzyme which converted low-and high-molecular-weight PEG to a product utilized by washed P. aenrginosa cells. Gas chromatography of the supernatant of a culture grown on PEG 20,000 revealed the presence of a compound co-chromatographing with diethylene glycol. A metabolite formed from PEG 20,000 by the extracellular enzyme preparation was identified as ethylene glycol by combined gas chromatography-mass spectrometry.
The biodegradation of synthetic polymers in natural habitats is of considerable importance because of the vast quantities used. The accumulation of many of the polymers used for packaging in recreational areas, adjacent to highways, and in sanitary landfills is readily apparent even to the casual observer. One of the major classes of synthetic polymers is the polyethylene glycol (PEG) group. PEGs find use in pharmaceuticals, tobacco, beer, antifreeze for automobile radiators, and special lubricants for the textile industry. Perhaps the largest use of PEG is in the manufacture of nonionic surfactants, and PEGs of various molecular weights are linked with phenyl or other aromatic moieties to produce surface-active agents. Between 20 to 25% of all surfactants made contain some form of PEG (14) .
The biodegradability of PEG has received some attention. For example, the rate and extent of biodegradation was reported to decrease with increasing chain length, PEGs with a molecular weight above 500 apparently being non-biodegradable (7) . The degradation of PEG-based surfactants has also been studied, compounds with polyethoxylate chains having molecular weights above 300 being refractory (9) . When an acclimated sewage sludge was used as the source of microorganisms, decomposition was largely restricted to PEGs with molecular weights of less than 1,000 (13) .
The present study was undertaken to establish how the PEGs are metabolized and to reevaluate whether high-molecular-weight PEGs are indeed resistant to microbial degradation.
MATERIALS AND METHODS
Biodegradability was determined by the biological oxygen demand (BOD) method (1 The activity of the enzyme was assayed by incubating 5.0 ml of the preparation with 10 ml of the salts solution containing 100 mg of PEG 20,000 at 25 C. After 60 min, resting cells from a 3-day-old culture of P. aeruginosa were added to this mixture to a final optical density of 0.10 at 540 nm. A sample of this mixture was placed in the sample chamber of the oxygen meter, and the rate of 02 uptake was assayed for 15 min at 25 C. Endogenous respiration was measured by determining 02 consumed by the washed cells suspended in the solution containing salts and the enzyme preparation. No 02 disappearance was detected in a salts solution containing PEG 20,000 and enzyme preparation but no cells. All trials were run in duplicate.
To measure the metabolism of ethylene and tetraethylene glycols, the bacteria were grown on PEG 20,000, harvested, and washed. The salts solution containing 1% ethylene or tetraethylene glycol was then mixed with the cells, and the rate of 02 utilization was determined. To establish whether readily dialyzable cofactors might be necessary for the depolymerization, the crude enzyme preparation was dialyzed against 10-4 M phosphate buffer (pH 7.0) for 48 h at 4 C. After dialysis, the enzyme was incubated with PEG 20,000, resting cells were then added, and the rate of 02 consumption was measured. In determinations of the substrates for depolymerization, the reaction mixture consisted of 10.0 ml of salts solution, 5.0 ml of crude enzyme preparation, and 150 mg of substrate. After the mixtures were incubated for 60 min at 25 C, resting cells were added, and the rate of 02 disappearance was monitored as described.
Products of enzymatic depolymerization of PEG 20,000 were determined by thin-layer chromatography (TLC). P. aeruginosa was grown for 3 days on PEG 20,000, and the cells were removed by centrifugation. The supernatant fluid was brought to 4 C, and (NH4)2SO4 was added to 25% of saturation. The proteins that precipitated were collected as previously stated. KOH was added to the remaining liquid until saturation was achieved; this solution was extracted twice with an equal volume of benzene, and the aqueous phase was discarded. The solution containing the benzene was concentrated approximately 20-fold. The residual benzene was drawn off, and the precipitate was dissolved in water. Constituents of the benzene extract and the aqueous solution were characterized by TLC (7) using Eastman 6060 silica gel plates (Eastman Kodak Co., Rochester, N.Y.). The chromatograms were developed using an ethyl acetate-acetic acid-water (70:16:15) solvent system. The spots were visualized by exposing them to a saturated I atmosphere for about 10 min. The plates were sprayed with a solution of 0.10% sodium metaperiodate, allowed to dry, and then sprayed with a solution consisting of 1.8 g of benzidine in 50 ml of 95% ethanol and 50 ml of water to which 20 ml of acetone and 10 ml of 0.20 N HCl were added. The spots were white on a blue background (12) .
The proteins precipitated from 2.0 liters of culture supernatant were added to 300 ml of salts solution containing 1% PEG 20,000. After a 2-h incubation at 25 C, this mixture was saturated with KOH, extracted with benzene, and analyzed by TLC as above.
The samples examined by TLC were used for gas chromatography except that the benzene-containing samples were first evaporated to dryness and the residue was dissolved in water. The instrument used was a Barber-Coleman gas chromatograph, model 5000, equipped with a flame ionization detector. The glass column (3 mm R1DI by 2 m) was packed with Chromosorb 101, 100/120 mesh (Applied Science Laboratories, State College, Pa.). The flow rate of the carrier gas, N2, was 15 ml/min. The temperatures of the injector, column, and detector were 230, 210, and 225 C, respectively. The retention times of the unknowns were compared with those of authentic ethylene glycol, diethylene glycol, and several other chemicals.
The product of enzymatic depolymerization of PEG 20,000 was also characterized by combined gas chromatography-mass spectrometry, using a Finnigan gas chromatograph-mass spectrometer model 3300. The operating conditions were: injector temperature, 210 C; column temperature, 225 C; chamber pressure, 4 x 10-torr; carrier gas, He; electron energy, 70 eV at 100 MA emission; and sample size, 1.0 Ml. A glass column (2 m by 2 mm [ID ) packed with Chromosorb 101 (100/120 mesh) was employed.
RESULTS
The biodegradability of various glycols and PEGs was initially determined by the BOD method. From the results presented in Table  1 , it is evident that all of the test compounds were susceptible to microbial attack. Ethylene glycol was degraded within 2 days on the basis of the 02 consumption data. The decomposition of di-, tri-, and tetraethylene glycols and PEG 400 was not marked in the first 2 days, but extensive attack was evident by day 5. The higher homologues were not as readily metabolized, but the extent of 02 utilization was appreciable in all instances on the last sampling date. It is noteworthy that PEGs synthesized by different companies and presumably made in different ways were utilized at somewhat dissimilar rates even though the mean molecular weights of the preparations were nominally identical. The microbial utilization of soil organic matter in the inoculum was not significantly great to yield detectable 02 depletion, and neither nitrite nor nitrate was formed during the incubation period. The enzyme preparation was dialyzed against a dilute buffer for 48 h, and the dialyzed preparation was then incubated with PEG 20,000. The products of degradation were then provided to resting cells. The data showed that the enzyme preparation exhibited activity against PEG 20,000 even after dialysis. The oxygen uptake by the cells was 4.1 Mg of O'ml per h. Thus, the enzyme preparation had no apparent requirement for readily dialyzable cofactors.
The activity of the enzyme preparation was tested against various PEGs. The polymers, as well as di-, tri-, and tetraethylene glycols, were incubated with an enzyme preparation derived from P. aeruginosa grown on PEG 20,000, and the rate of 02 uptake by resting cells exposed to the products of the reaction was then measured. The data in Table 2 reveal that various low-and high-molecular-weight glycols were cleaved by the enzyme preparation. A molecular weight effect on activity is suggested by the data, decreasing molecular weight apparently leading to decreased product formation.
To determine whether ethylene glycol or other low-molecular-weight glycols were produced in the depolymerization, P. aeruginosa was grown for 3 days on PEG 20,000, and benzene extracts were made of the culture supernatant and of PEG 20,000 incubated with the enzyme for 2 h. The results of TLC of these extracts and authentic glycols are summarized in Table 3 . Authentic PEG did not move from the origin with the TLC system employed, and the R, values of other glycols increased as the molecular weight decreased. It is evident from the data that compounds that behaved like low-molecular-weight glycols were present in the enzyme-treated PEG 20,000. identical to that of authentic ethylene glycol. However, when ethylene glycol was mixed with other low-molecular-weight glycols, the migration was affected, and addition of ethylene glycol to the enzymatically decomposed PEG 20,000 led to reduced R. values. It seems likely that the glycols interact in the chromatographic system employed to yield products with different mobilities than the precursors. Furthermore, components in the culture supernatant were not well resolved on the chromatogram. Gas chromatography was then used to characterize the compounds formed by the enzyme preparation and those found in the culture supernatant. The enzyme preparation derived from a 3-day culture was incubated for 2 h with PEG 20,000. Compounds with retention times of 169, 135, and 105 s were found to have been formed by the enzyme. Authentic ethylene glycol also had a retention time of 169 s. The identities of the other components are unknown. Only a single peak, other than that of the solvent, was observed in chromatograms of the culture supernatant. The retention time of this compound was 12.0 min, which was identical to that of authentic diethylene glycol.
Combined gas chromatography-mass spec- to show microbial decomposition of the higher-molecular-weight PEGs may have resulted from the absence of an appropriate microorganism from the inoculum or conditions in the BOD test system not conducive to the particular activity, e.g., a substrate concentration that was too low to permit rapid microbial growth.
Studies on the degradation usually have involved tests of BOD and chemical oxygen demand of PEG and PEG-based surfactants (7, 14) , and the enzymes responsible for PEG degradation or the properties of PEG that affect decomposition have largely been ignored. An important feature of these molecules is their size, and it has been shown that the highermolecular-weight PEGs are too large to penetrate the bacterial cell (3, 11) . Because of this lack of penetration of the polymer into the cell, it is likely that the degradation is initiated by an extracellular enzyme, as has been found in the present investigation. An intracellular flavin-linked enzyme acting on tetraethylene glycol has been found in a bacterium (8) , however, and bacterial utilization of PEG oligomers with molecular weights of less than about 600 has also been observed (2) .
The final product of the depolymerization may be mono-or diethylene glycol, or possibly several oligomers. Conversion of the oligomers to the monomer may require an enzyme not able to function as a depolymerase, much as polysaccharidases often give rise to di-or oligosaccharides, these in turn being converted to the monomer by another enzyme. Even though two enzymes may be implicated, ethylene glycol might have accumulated in the enzyme preparations because the diethylene glycol was rapidly cleaved to the monomer during the incubation period. On the other hand, the dimer, but not the monomer, might have accumulated in culture because the diethylene glycol breakdown was slow, and the cells would have metabolized the monomer as it appeared. The likely mechanism of the cleavage is by a hydrolytic reaction catalyzed by an extracellular enzyme, the ether bonds being broken to yield mono-, di-, or oligomers of ethylene glycol. The organism then presumably uses one of the small molecules, possibly ethylene glycol, as a carbon and energy source. The monomer then may be metabolized by the glyoxylate shunt (4 
